Background {#Sec1}
==========

Colon cancer is one of the most common malignant cancers, and is associated with high morbidity and mortality worldwide \[[@CR1]\]. Clinical therapeutic strategies for colon cancer include radiotherapy, chemotherapy and surgery. However, the efficacy of these therapeutic approaches is limited. Surgical intervention is associated with high rates of recurrence and metastasis \[[@CR2]\]. Chemotherapeutic approaches often suffer from poor bioavailability, multidrug resistance and high system toxicity, which results in significant adverse effects and poor efficacy \[[@CR3]\]. Therefore, development of effective strategies for the treatment of colon cancer is critical.

Nanoparticles have been shown to exhibit good biocompatibility and biodegradability, and significant progress has been made in the development of drug delivery systems in recent years \[[@CR4]\]. Specific modification of the large surface area of nanoparticles could improve targeted delivery of chemotherapeutic drugs, and result in increased blood circulation time, which may improve outcomes \[[@CR5]\]. Numerous nanoparticulate carriers, such as cyclodextrins, dendrimers and polymers have been developed for biomedical applications \[[@CR6]--[@CR8]\]. Poly (lactic-co-glycolic acid) (PLGA), a polymer approved polymer by the Food and Drug Administration (FDA), has been extensively used as a drug carrier owing to its ability to encapsulate both hydrophobic and hydrophilic drugs \[[@CR9]\]. As such, PLGA has shown potential as a drug delivery system for a wide range of therapeutic agents. A study used PLGA-based nanoparticles for delivery to the site of ischemia/reperfusion (I/R) injury, which led to anticoagulant and antioxidant effects for vascular therapy \[[@CR10]\]. Furthermore, PLGA nanoparticles increased the accumulation of docetaxel at gastric tumor sites, which caused enhanced anticancer activity \[[@CR11]\]. In addition, PLGA nanoparticles have been used for sustained and controlled drug delivery, improving bioavailability of hydrophobic compounds such as curcumin \[[@CR12]\].

5-fluorouracil (5Fu) is a widely used chemotherapeutic drug used to treat various cancers such as colon cancer and liver cancer \[[@CR13], [@CR14]\]. As an antimetabolite analogue of pyrimidine, 5Fu has been reported to inhibit nucleoside metabolism and DNA synthesis, which results in cell apoptosis \[[@CR15]\]. Moreover, 5Fu has been shown to modulate cell survival via the NF-κB pathway \[[@CR16]\]. Nevertheless, clinical use of 5Fu is limited due to a short half-life, systemic adverse effects, the need for repeated doses to maintain therapeutic levels and non-selective delivery \[[@CR17]\]. Hence, it is important to develop effective carriers to improve targeted delivery of 5Fu, which may result in improved anti-cancer efficacy.

In the present study, we designed epidermal growth factor (EGF) modified PLGA nanoparticles containing 5Fu and oxygen-transport perfluorocarbon (PFC) to enhance therapeutic efficacy against colon cancer. These functionalized nanoparticles were constructed using a solvent evaporation technique and morphology, size distribution, in vitro stability and release profile were characterized. Cell uptake, cytotoxicity and apoptosis assays were used to evaluate the biological performance of nanoparticles. The distribution, growth suppression and histological changes induced by these nanoparticles were investigated in vivo using SW620 tumor-bearing mice. Finally, the potential mechanism by which these nanoparticles exerted enhanced antitumor effects was explored.

Methods {#Sec2}
=======

Preparation of PLGA nanoparticles {#Sec3}
---------------------------------

Solid-in-oil-in-water (s/o/w) dual emulsion solvent evaporation was used to prepare PLGA\@5Fu/PFC NPs as previously described \[[@CR18]\]. Briefly, 50 mg of PLGA was dissolved in 2 mL of chloroform containing PFCs (2 mg). Five mg of 5Fu was dissolved in 0.5 mL of aqueous solvent and the solution was mixed with PLGA solution to generate the s/o primary solution. The emulsion was dispersed in 10 mL of aqueous solvent containing 2% w/v PVA to generate the final s/o/w emulsion. Free PLGA/PVA polymers were separated by centrifugation at 3000 rpm for 15 min. The PLGA NPs were modified with EGF using N′-ethylcarbodiimide hydrochloride (EDC) \[[@CR19]\].

Characterization of nanoparticles {#Sec4}
---------------------------------

The shapes of EGF-PLGA\@5Fu/PFC NPs were examined using transmission electron microscopy (TEM) (Hitachi, Tokyo, Japan). A drop of NPs solution (0.5 mg/mL) was mounted on a carbon-coated copper grid. The samples were observed at an acceleration voltage of 75 kV. Size distribution and zeta potential were determined by dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern Instruments Ltd., UK).

Drug encapsulation and in vitro release {#Sec5}
---------------------------------------

The encapsulation efficiency of 5Fu in NPs was determined using a UV-Vis spectrophotometer (1800, Shimadzu, Kyoto, Japan). Briefly, 1 mg of nanoparticles was dispersed in 1 mL of distilled water to extract 5Fu. The solution was shaken gently for 12 h at 37 °C, the obtained filtrates were diluted (1:10) with methanol and the solution was analyzed at λmax = 266 nm. Encapsulation efficiency and loading efficiency were calculated using the following equations: $$\documentclass[12pt]{minimal}
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The release profile of 5Fu from NPs was accessed at 2 pH values (5.0 or 7.4). Ten mg of NPs was dispersed in 10 mL of PBS, then transferred to a dialysis bag, which was placed in 50 mL of media and stirred at 37 °C. At predetermined time points, 2 mL of release medium was removed, with replacement. The amount of 5Fu released was determined using a UV-Vis spectrophotometer.

Cell lines and culture {#Sec6}
----------------------

The human colorectal cancer cell line SW620 was obtained from the Chinese Academy of Science (Shanghai, China). The SW620 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). The cells were cultured in a humidified cell incubator in a 5% CO~2~ atmosphere at 37 °C.

In vitro cell uptake {#Sec7}
--------------------

Human SW620 cells were cultured in 12-well plates at a density of 2 × 10^4^ cells/well. After 24 h, fresh DMEM with Cy5-labeled NPs (EGF-PLGA\@5Fu/PFC and PLGA\@5Fu/PFC) was added and the cells were cultured at 37 °C for 2 h, 4 h or 6 h. The cells were then washed with PBS, fixed using 4% paraformaldehyde and stained using DAPI. Finally, the cells were visualized using a confocal laser scanning microscope (CLSM).

Cell cytotoxicity {#Sec8}
-----------------

Human SW620 cells were cultured in 96-well plates at a density of 2 × 10^3^ cells/well. After 24 h, different formulations of NPs were added to the wells and the cells were cultured for 48 h at 37 °C. Then, 10 μL of CCK-8 was added to each well, and the cells were incubated for an additional 4 h. Optical density was determined at 450 nm using a microplate reader (BioRad, Hercules, CA, USA).

Hoechst 33342 staining {#Sec9}
----------------------

Human SW620 cells (1 × 10^4^ cells/well) were seeded in 24-well plates, then treated with different formulations of NPs for 48 h. Then, the cells were washed with PBS three times and stained with Hoechst (2 μg/mL) for 20 min at room temperature. Stained cells were visualized using a fluorescence microscope (Nikon TE2000; Nikon Corporation, Tokyo, Japan) (magnification, × 100).

Cell apoptosis {#Sec10}
--------------

Human SW620 cells (1 × 10^5^ cells/well) were cultured in 6-well plate with different formulations of NPs for 48 h. Then, the cells were washed twice with PBS, and suspended in staining buffer containing propidium iodide (PI) (1 μg/mL) and annexin V-FITC (0.025 μg/mL) for 15 min at room temperature. Apoptotic cells were evaluated using a FACScalibur flow cytometer (BD Bioscience, Franklin lakes, NJ).

Animal model {#Sec11}
------------

Female BALB/c mice (6--8 weeks, 20--22 g) were obtained from the Animal Laboratory of Nanjing University and were kept in standard conditions with humidity maintained at 50--60%, temperature controlled at 25 ± 2 °C, a 12-h dark/light cycle and free access to water and food. All animal experiments were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of the University of Science and Technology of China and approved by the Animal Ethics Committee of Nanjing Medical University.

Human SW620 cells (3 × 10^6^) were resuspended in 100 μL of PBS and injected into the right flanks of the mice. When the average tumor volume reached about 100 mm^3^, the mice were randomly assigned to 6 groups (*n* = 8) and administered with saline, blank NPs (100 mg/kg), 5Fu (8 mg/kg), PLGA\@5Fu (8 mg/kg of 5Fu), PLGA\@5Fu&PFC (8 mg/kg of 5Fu) or EGF-PLGA\@5FU&PFC (8 mg/kg of 5Fu) once every 2 days. Tumor size was measured and tumor volume was calculated as follows: volume (cm^3^) = Length (L) × Width^2^ (W^2^)/2. At the end of the study, the mice were sacrificed by intraperitoneal injection of sodium pentobarbital (100 mg/kg), and the tumor and major organs were isolated for further analysis.

In vivo fluorescence imaging {#Sec12}
----------------------------

At 24 h after injection, the mice were sacrificed and the biodistribution of the different formulations of drugs in the tumors and major organs was determined using a fluorescence imaging system.

Histological analysis {#Sec13}
---------------------

Mouse tissues from the mice were fixed in 10% formalin, embedded in paraffin and cut into 5-μm sections. The sections were stained with hematoxylin and eosin (H&E) to evaluate the histological changes in the tumors and major organs. For TUNEL assay, tumor tissues were stained using an in-situ apoptosis detection kit (Thermo Fisher Scientific) according to the manufacturer's instructions. For immunohistochemical staining (IHC), tumor tissues were incubated with the primary antibody against Ki-67 (ab15580, Abcam). Visualization of H&E and IHC staining was performed using a light microscope, and for TdT-mediated dUTP nick end labeling (TUNEL) was evaluated using a fluorescent microscope.

Immunofluorescence staining {#Sec14}
---------------------------

At the end of the study, the mice were intravenously injected with pimonidazole (60 mg/kg) for hypoxia staining. After 90 min, tumors were collected, embedded in paraffin, and cut into 8-μm sections. The tumor tissues were then incubated with the primary antibody against pimonidazole (1:200, Hypoxyprobe-1 Plus Kit, Hypoxyprobe, Burlington) at 4 °C overnight, then incubated with Alexa Fluo® 488 conjugated goat-anti-mouse antibody (1:500, ab150113, Abcam) for 1 h at 37 °C. Nuclei were counterstained with DAPI for 3 min. Images were captured using a fluorescence microscope (magnification, × 200).

Statistical analysis {#Sec15}
--------------------

All data were analyzed using GraphPad Prism 5.0 and presented as mean ± standard deviation. One-way ANOVA analysis followed by Tukey's post hoc test was used to compare differences between among multiple groups. *P* \< 0.05 was considered statistically significant.

Results {#Sec16}
=======

Characterization of nanoparticles {#Sec17}
---------------------------------

To prepare EGF-PLGA\@5Fu/PFC NPs, 5Fu was encapsulated in PLGA polymer using the double emulsification solvent evaporation method. The morphology of 5Fu loaded PLGA NPs was observed using TEM (Fig. [1](#Fig1){ref-type="fig"}a). The nanoparticles were monodisperse and spherical, with an average a size around 200 nm. Dynamic light scatter analysis confirmed that the average diameter of EGF-PLGA\@5Fu/PFC NPs was 200 ± 10.84 nm, with a narrow distribution (Fig. [1](#Fig1){ref-type="fig"}b). Zeta potential analysis showed that EGF-PLGA\@5Fu/PFC NPs had a negative surface charge of − 23.7 ± 1.4 mV. The encapsulation efficiency and drug loading efficiency were 81.6 ± 5.7% and 7.29 ± 0.14%, respectively. The release profile of 5Fu-loaded PLGA NPs was determined at 2 pH levels (5.0 or 7.4). The nanoparticles exhibited a biphasic drug release pattern with initial accelerated release followed by sustained release over 7 days. As shown in Fig. [1](#Fig1){ref-type="fig"}c, 45% of 5Fu was released from EGF-PLGA\@5Fu/PFC NPs within 6 h, and 80% of 5Fu was released within 7 days at pH 5.0. In contrast, EGF-PLGA\@5Fu/PFC NPs exhibited slow drug release at pH 7.4, which indicated that EGF-PLGA\@5Fu/PFC NPs could rapidly release 5Fu in the acidic conditions common to cancer cells. Fig. 1Characterization of EGF-PLGA\@5Fu/PFC NPs. **a** The morphology of EGF-PLGA\@5Fu/PFC NPs was evaluated using TEM. **b** Size distribution of EGF-PLGA\@5Fu/PFC NPs was determined by DLS. **c** In vitro release of 5FU from EGF-PLGA\@5Fu/PFC NPs at different pH levels was monitored by a UV-Vis spectrophotometer

In vitro cellular uptake {#Sec18}
------------------------

The presence of surface EGF allows EGF-PLGA\@5Fu/PFC NPs to interact strongly with EGFR, which results in anchoring of these NPs to cancer cells that express high levels of EGFR. To determine check the targeting ability of EGF-PLGA\@5Fu/PFC NPs, SW620 cells were incubated with Cy5 labeled NPs for 2 h, 4 h or 6 h after pretreatment free EGF or with no pretreatment. The cellular uptake of EGF-PLGA\@5Fu/PFC NPs was determined using CLSM. As shown in Fig. [2](#Fig2){ref-type="fig"}, the fluorescence intensity of the non-pretreated cells incubated with EGF-PLGA\@5Fu/PFC NPs was stronger than that of non-targeted NPs (PLGA\@5Fu/PFC), and uptake increased in a time-dependent manner, which suggested greater adsorption of EGF-PLGA\@5Fu/PFC NPs to colon cancer cells. To further characterize the role of EGFR on cell surface in binding of EGF-PLGA\@5Fu/PFC NPs, competition with free EGF was evaluated by pretreating SW620 cells with a high concentration of EGF (100 μg/mL) for 1 day. The results showed that pretreatment with EGF significantly decreased uptake of EGF-PLGA\@5Fu/PFC NPs into SW620 cells compared with that into non-pretreated cells as evidenced by the relatively weaker fluorescence intensity. This result confirmed that the binding efficiency of EGF-PLGA\@5Fu/PFC NPs to cancer cells was positively associated with EGFR expression level. These results showed that EGF-PLGA\@5Fu/PFC NPs effectively increased the cellular uptake via EGF receptor-mediated endocytosis. Fig. 2In vitro cellular uptake of EGF-PLGA\@5Fu/PFC NPs to SW620 cells was visualized using a confocal laser scanning microscope (magnification, × 200)

In vitro cell cytotoxicity and apoptosis {#Sec19}
----------------------------------------

To investigate the antitumor effects of 5Fu-loaded NPs in vitro, SW620 cells were cultured and incubated with blank NPs, 5Fu, PLGA\@5Fu NPs, PLGA\@5Fu/PFC NPs and EGF-PLGA\@5Fu/PFC NPs. As shown in Fig. [3](#Fig3){ref-type="fig"}a, CCK-8 assay results indicated that free 5Fu, PLGA\@5Fu NPs, PLGA\@5Fu/PFC NPs and EGF-PLGA\@5Fu/PFC NPs inhibited the proliferation of colon cancer cells in a concentration-dependent manner. In addition, treatment with EGF-PLGA\@5Fu/PFC NPs resulted in more pronounced suppression of SW620 cell proliferation than that resulting from treatment with PLGA\@5Fu/PFC NPs, PLGA\@5Fu NPs or free 5Fu. In contrast, EGF-PLGA did not exhibit cytotoxicity toward SWS620 cells. Fig. 3Effects of EGF-PLGA\@5Fu/PFC NPs on the proliferation and apoptosis in SW620 cells. **a** Cell viability of SW620 cells was assessed using the CCK-8 assay. **b** Apoptosis of SW620 cells was evaluated by Hoechst33342 staining (magnification, × 200). **c** Apoptosis of SW620 cells was evaluated by flow cytometry

Cancer cells typically undergo apoptosis in response to exposure to antitumor agents. To evaluate apoptosis induced by 5Fu-loaded NPs, SW620 cells were stained with Hoechst33342 to observe apoptotic morphology. As shown in Fig. [3](#Fig3){ref-type="fig"}b, cells treated with free 5Fu, PLGA\@5Fu NPs, PLGA\@5Fu/PFC NPs or EGF-PLGA\@5Fu/PFC NPs exhibited apoptotic features to differing degrees, as evidenced by nuclear fragmentation and chromatin condensation. Furthermore, cells treated with EGF-PLGA\@5Fu/PFC NPs showed more pronounced apoptotic features compared to those observed following treatment with the other compounds and formulations. In contrast, blank NPs did not significantly impact cell morphology.

Antitumor effects were further evaluated using flow cytometry. Treatment with EGF-PLGA\@5Fu/PFC NPs (34%) induced a higher rate of apoptosis than that observed in response to free 5Fu (15.4%), PLGA\@5Fu NPs (26%) or PLGA\@5Fu/PFC NPs (26.5%) (Fig. [3](#Fig3){ref-type="fig"}c). These results indicated that inclusion of EGF in EGF-PLGA\@5Fu/PFC NPs enhanced suppression of proliferation and induced apoptosis via anchoring of 5Fu-loaded NPs to the surface of SW620 cells, which resulted in the accumulation of 5Fu in tumor cells.

In vivo antitumor effects of PLGA nanoparticles {#Sec20}
-----------------------------------------------

To investigate the in vivo distribution of 5Fu-loaded NPs, tumor-bearing mice were injected with Cy5-labeled NPs via tail vein injection. Tumors and major organs were then removed and imaged ex vivo. The results indicated that mice treated with EGF-PLGA\@5Fu/PFC NPs exhibited obviously stronger fluorescence signal at the tumor site than that observed in response to PLGA\@5Fu/PFC NPs (Fig. [4](#Fig4){ref-type="fig"}a), which may have been due to EGF-mediated accumulation at tumor sites, and internalization of these NPs via ligand-receptor mediated endocytosis. Of note, significant fluorescence signal was also observed in the liver due to cellular uptake by endothelial cells and phagocytic cells. The findings suggested that EGF-targeting NPs promoted preferential accumulation at tumor sites. Fig. 4In vivo biodistribution of EGF-PLGA\@5Fu/PFC NPs and tumor growth in tumor-bearing mice. **a** The biodistribution of EGF-PLGA\@5Fu/PFC NPs in tumor-bearing mice was analyzed by ex vivo imaging (magnification, × 200). **b**-**d** Tumor volume and weight were monitored

To assess the chemotherapeutic effects of 5Fu loaded NPs in vivo, the tumor-bearing mice were administered with different nanoparticulate formulations. The tumor growth rate in mice treated with EGF-PLGA\@5Fu/PFC NPs was significantly lower than that in the groups treated with free 5Fu, PLGA\@5Fu NPs and PLGA\@5Fu/PFC NPs, and the different formulations that contained 5Fu induced a trend toward a decrease in tumor growth rate (Fig. [4](#Fig4){ref-type="fig"}b). These results revealed that EGF modified NPs played an important role in tumor targeting, which resulted in drug accumulation in the tumor site, and an enhanced therapeutic effect. Mice treated with saline and blank NPs showed the fastest tumor growth rates. Evaluation of tumor volumes and weights for 20 days after injection showed that EGF-PLGA\@5Fu/PFC NPs were the most effective treatment evaluated (Fig. [4](#Fig4){ref-type="fig"}c and d).

Histological analysis {#Sec21}
---------------------

The effects of 5Fu-loaded NPs on major organs and tumor tissues were evaluated using H&E staining, TUNEL staining and IHC. As shown in Fig. [5](#Fig5){ref-type="fig"}a-c, the different drug formulations induced differing degrees of tumor necrosis. Tumor necrosis was highest in the EGF-targeted NPs group. Furthermore, the greatest hepatic toxicity was observed in the free 5Fu group, which was the most common first-pass effect-associated side effect of chemotherapeutic drugs. The results obtained using H&E staining were also confirmed by TUNEL and IHC assays. Fig. 5Effect of EGF-PLGA\@5Fu/PFC NPs on colon cancer in tumor-bearing mice. Histological analysis of EGF-PLGA\@5Fu/PFC NPs was performed using HE (**a**), TUNEL (**b**) and IHC (**c**) assays (magnification, × 200)

These results suggested that PLGA\@5Fu/PFC NPs was more effective at inhibiting tumor growth than PLGA\@5Fu NPs. We hypothesized that PFC could modulate tumor hypoxia to achieve the improved therapeutic outcomes. To test this hypothesis, we used an injectable hypoxia-specific probe to track the hypoxic status of the tumors. As shown in Fig. [6](#Fig6){ref-type="fig"}, immunofluorescence imaging showed that treatment with EGF-PLGA\@5Fu/PFC NPs treatment significantly weakened pimonidazole green fluorescence compared with that in the control group, which indicated decreased tumor hypoxia. This result was consistent with the findings of a previous study that PFC could transport oxygen to tumors \[[@CR20]\]. This finding indicated the enhanced antitumor efficacy associated with PFC-based NPs was partially attributed to improved tumor oxygenation. Fig. 6Tumor hypoxia was observed using an immunofluorescence microscope (magnification, × 200)

Discussion {#Sec22}
==========

Treatment of cancer using 5Fu is associated with high toxicity, the need for repeated dosing and non-specific tissue accumulation. Therefore, 5Fu monotherapy is often insufficient for treatment of colon cancer treatment. In this study, we developed EGF-modified PLGA NPs co-loaded with 5Fu and PFC to overcome these limitations. The data indicated that EGF-PLGA\@5Fu/PFC NPs exhibited better antitumor efficacy than the other formulations evaluated in this study, as evidenced by enhanced suppression of cell proliferation, induction of cell apoptosis and attenuation of tumor growth in vitro and in vivo. Moreover, no obvious lesions were observed in major organs following treatment with NPs, which indicated that the developed NPs were safe.

Nanoparticles have potential to improve the efficacy of chemotherapeutic drugs based on improved drug targeting properties \[[@CR21]\]. EGF is a commonly used binding agent for EGF receptor-overexpressing solid tumors including colon cancer \[[@CR22]\]. Human SW620 colon cancer cells were chosen as model EGF receptor overexpressing tumor cells in this study to investigate the targeting ability of EGF-PLGA\@5Fu/PFC NPs. The results showed increased cellular uptake of EGF-PLGA\@5Fu/PFC NPs into colon cells through binding to EGF receptors on the cell surface. A previous study showed that EGF receptor-targeted PLGA NPs conjugated with curcumin exhibited enhanced cellular uptake into MCF-7 cells \[[@CR23]\]. Another study showed enhanced EGF receptor-mediated cellular uptake of silica NPs loaded with zinc phthalocyanine into pancreatic cancer cells \[[@CR24]\]. Thus, modification of NPs with EGF could promote the cellular uptake of NPs into tumors overexpressing EGF receptors.

Co-delivery of multiple drugs using nanocarriers provides many benefits over monotherapeutic approaches. A previous study indicated that PLGA NPs loaded with doxorubicin and curcumin induced greater antitumor effects against breast cancer as a result of curcumin-mediated inhibition of P-glycoprotein (P-gp)-associated drug exclusion \[[@CR25]\]. A self-assembled nanosystem co-loaded with trichosanthin (TCS) protein and albendazole (ABZ) exhibited excellent antitumor effects through reduction of multidrug resistance \[[@CR26]\]. Previous studies have shown that tumor hypoxia can induce chemotherapy resistance \[[@CR27]\]. PFC, commonly used as oxygen carriers in clinical use, has been reported to promote oxygen delivery to tumor microenvironments \[[@CR28]\]. In our study, PLGA NPs co-loaded with 5Fu and PFC showed additive antitumor effects against colon cancer, which was likely due in part to PFC-mediated diffusion of oxygen into the tumor tissue. These findings agreed with previous studies that PFC could inhibit intratumoral hypoxia \[[@CR29], [@CR30]\].

Conclusions {#Sec23}
===========

In conclusion, we successfully constructed a biocompatible nanodrug delivery system that could selectively accumulate in tumor via ligand-targeting interactions and overcome hypoxia-induced chemotherapy resistance via increasing local oxygen level, thereby resulting in the improved therapeutic effects.
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